secreted by EPCs between the two groups. On multivariate analysis, an increased number of senescent EPCs was the independent factor associated with in-stent restenosis (OR 1.10, 95% CI 1.01 to 1.20). Conclusion These data suggested that EPCs might be involved in the development of in-stent restenosis.
Introduction

Percutaneous coronary intervention (PCI) with stenting has become an effective and widespread treatment modality for patients with coronary artery disease (CAD), but in-stent restenosis (ISR) remains a recognized clinical problem. ISR occurs after PCI with bare-metal stent implantation in 10% to 40% of cases at 6 months, depending on various clinical, angiographic, and procedural features. It is evident that neointimal proliferation is the underlying cause of ISR (1).
F i g u r e 1 . A, Ch a r a c t e r i z a t i o n o f c i r c u l a t i n g E P Cs . E x p r e s s i o n o f e n d o t h e l i a l ma r k e r s , Di -L DL ( l e f t ) , l e c t i n ( mi d d l e ) , a n d d u a l s t a i n i n g ( r i g h t ) . B , Re p r e s e n t a t i v e β -g a l a c t o s i d a s e a c t i v i t y ( β -g a l ) ( l e f t ) , a n d DAP I s t a i n i n g ( r i g h t ) . C, Re p r e s e n t a t i v e c o l o n y -f o r mi n g u n i t s a r e s h o wn a t 7 d a y s a f t e r c u l t i v a t i o n .
tion in a mouse model (4). Taken together, these studies have led to the hypothesis that individual characteristics of circulating EPCs would affect the reendothelialization of injured arteries after stenting and subsequent in-stent neointimal hyperplasia.
The aim of this study was to evaluate the relationships between colony-forming capacity, senescence of EPCs, angiogenic growth factors secreted from EPCs, and ISR 6 months after successful coronary stenting in patients with CAD. T a b l e 1 . Cl i n i c a l a n d An g i o g r a p h i c a l F e a t u r e s i n P a t i e n t s wi t h a n d wi t h o u t I ns t e n t Re s t e n o s i s Vita et al (5) . 
Materials and Methods
Patient population
Coronary angiography
Isolation and characterization of EPCs
Acidic β-galactosidase staining
For the measurement of cellular senescence, cultures of EPCs were maintained for seven days. Senescenceassociated β-galactosidase activity was measured as previously described (6) . Cells were counterstained with 4´, 6-diamidino-phenylindole (DAPI; 0.2 μg/ml in 10 mmol/l Tris-HCl, pH 7.0, 10 mmol/l EDTA, 100 mmol/l NaCl) for 10 minutes to count the total cell number. Only cells with a distinctly blue cytoplasm, indicating β-galactosidase activity, were counted (Fig. 1B) .
The percentage of β-galactosidasepositive cells for DAPI-positive cells was determined by counting five random fields under microscopy (×20).
Colony-forming units and growth factor secretion
To assess EPC colony formation and growth factor secretion, adherent cells were detached and 1×10 6 cells were subsequently cultured on fibronection-coated plates with 1 ml of basal medium EBM-2 on day 4 for 72 hours. Plates were studied under phase-contrast microscopy, and colonies (Fig. 1C) were counted after 3 days of incubation by 2 inde-
F i g u r e 2 . S e c r e t i o n o f a n g i o g e n i c g r o wt h f a c t o r s b y E P Cs o v e r a 7 2 -h o u r p e r i o d . VE GF ( A) i n d ic a t e s v a s c u l a r e n d o t h e l i a l g r o wt h f a c t o r ; b -F GF ( B ) , b a s i c f i b r o b l a s t g r o wt h f a c t o r ; HGF ( C)
, h ep a t o c y t e g r o wt h f a c t o r s ; MCP -1 ( D) , ma c r o p h a g e c h e mo a t t r a c t a n t p r o t e i n -1 . I S R i n d i c a t e s i ns t e n t r e s t e n o s i s . (Fig. 2) . (Fig. 3) .
Results
Patient characteristics and clinical data
Growth factor measurement
To assess the paracrine effects of EPCs, we evaluated the arteriogenic cytokines secreted by EPCs. Over a 72-hour period, measurable amounts of VEGF, b-FGF, HGF and MCP-1 were identified to be secreted by EPCs in both groups. However, No significant difference was found between two
F i g u r e 3 . F u n c t i o n a l a c t i v i t y o f E P Cs b e t we e n t h e t wo g r o u p s ( p a t i e n t s wi t h a n d wi t h o u t i n -s t e n t i n t i ma l t h i c k e n i n g ) . ( A) Nu mb e r o f c o l o n y -f o r mi n g u n i t s o f c i r c u l a ti n g E P Cs a n d ( B ) s e n e s c e n c e -a s s o c i a t e d β -g a l a c t o s i d a s e a c t i vi t y ( β -g a l ) . I S R i n d i c a t e s i n -s t e n t r e s t e n o s i s .
T a b l e 2 . Re s u l t s o f Un i v a r i a t e L o g i s t i c Re g r e s s i o n An a l y s i s a c c o r d i n g t o Ri s k o f I n -s t e n t Re s t e n o s i s
T a b l e 3 . Re s u l t s o f Mu l t i v a r i a t e L o g i s t i c Re g r e s s i o n An a l ys
i s a c c o r d i n g t o Ri s k o f I n -s t e n t Re s t e n o s i s subjects
Colony-forming units and senescence of EPCs
To examine the functional activities of EPCs, we assessed the colony formation of EPCs. The number of CFUs was less abundant in patients with ISR than in those without ISR (54±13 vs. 113±22, p=0.03). In contrast to patients without ISR, patients with ISR had a greater number of senescent cells (24±3 vs. 15±1, p=0.01)
At univariate logistic regression analysis ( (Fig. 4B) . (9) , and homing to denuded parts of the artery after balloon injury (10) . Hill et al (11) , who showed that EPCs from subjects at high risk for cardiovascular events had higher rates of in vivo senescence than cells from subjects at low risk. Previous data showed that senescent EPCs induced by ex vivo cultivation (12) , oxidized low-density lipoprotein (13) and angiotensin II (14) , had a limiting capacity of proliferation and tube formation. These results suggest that the impairment of EPCs incorporation into neovascularization might lead to in-stent restenosis. 
Discussion
The present study showed that the senescence of EPCs was associated with ISR after coronary stenting in native coronary arteries. The association was independent of clinical data and angiographical variables known to be related to ISR. Therefore, the senescence, one of the functional characteristics of EPCs, might be involved in the pathophysiological process of ISR. Endothelial denudation is considered to be a primary injury event after stent implantation. Endothelial cells (ECs) produce a significant number of basement membrane components and synthesize several growth factors and maintain the mitogenic quiescence of smooth muscle cell by the growth-inhibitory effect of nitric oxide (NO) (7). Therefore, promoting healing of the injured endothelium was the treatment and prevention of atherosclerosis and ISR. Several lines of evidence indicate that circulating EPCs can accelerate the reendothelialization process, such as the endothelialization in dog thoracic aorta Dacron graft (8), the recruitment of the surface of left ventricular-assist devices in humans
A negative correlation between the number of CFUs and the number of coronary risk factors was demonstrated in this study, previously shown by Vasa M et al (3). In addition, a positive correlation between the percentage of senescent EPCs and the number of coronary risk factors was demonstrated. This finding may support previous data by
